A Fortran computer algorithm has been used to analyze the nucleotide sequence of several structural genes. The analysis performed on both coding and complementary DNA strands shows that whereas open reading frames shorter than 100 codons are randomly distributed on both DNA strands, open reading frames longer than 100 codons ("virtual genes") are significantly more frequent on the complementary DNA strand than on the coding one.
INTRODUCTION
Since the nucleotide sequence of a number of structural genes have recently become available, we performed a theoretical analysis to investigate the possibility that the DNA strand complementary to the coding one, if transcribed, might indeed code for a protein. Symmetric transcription is in fact clearly demonstrated in many different biological systems where complementary RNA species were proved to be synthesized on opposite DNA strands (1) (2) (3) (4) (5) (6) (7) (8) .
We asked if it was possible to distinguish the coding (DNA sequence equal to the mRNA sequence) from the complementary DNA strand (DNA sequence complementary to the mRNA sequence) on the basis of the present knowledge of the nucleotide sequence of genes. For this purpose, we tentatively applied to the complementary DNA sequence the same criteria used for the identification of exons, introns, splicing points, leader and poly A tailing site sequences on the coding sequence. The analysis was performed on a sample of gene sequences which are part of very large genomes and which are not believed to contain overlapping genes. In most of the cases analyzed, the amino acid sequence of the corresponding product was independently known . The results of this analysis indicate that in many instances it is not possible to distinguish on the basis of the definition of gene sequence, the coding from the complementary DNA strand. We call the open reading frames longer than 100 codons "virtual genes" and their putative products "complementary inverted proteins" or c.i.p.
STRATEGY FOR IDENTIFYING OPEN READING FRAMES
In order to analyze DNA sequences, a Fortran computer algorithm has been used to display the open reading frames (o.r.f.) present in a sequence in its three different frames. An o.r.f. is defined as a sequence, different from the real gene, identified by either of the following two statements:
1. The sequence starts with an initiation I (AUG) codon and terminates with the first subsequent termination Tl, T2 or T3 (UAA, UAG, UGA) codon.
The sequence follows an initiation codon and no termination codon is found
within the known sequence. This definition is applied under the assumption that a termination codon will be found in the unknown part of the sequence.
This last assumption underestimates the length of the o.r.f.
The computer code analyzes the sequence and recognizes initiation and termination codons. When an o.r.f. is found its length is computed by the Fortran code starting from the first sense codon which follows AUG and terminating either to the first termination codon or to the end of the sequence. The number of o.r.f. is then plotted as a function of length for each frame and DNA strand. The results of the computer analysis for all the DNA sequences were combined to produce the histograms which will be discussed in tthe next section. Spliced genes are examined in detail separately, since in most cases intron sequences are not completely known.
The computer program correctly identified all the real genes present in the coding DNA strand, thus providing a positive check of the numerical code operations. Certain o.r.f. have been further analyzed in greater detail following other criteria proposed to identify gene sequences.
We have analyzed 3 S. cerevisiae mitochondrial DNA sequences, 23 nuclear sequences, 1 phage sequence and 4 bacterial sequences (Table I ) . The former have been considered separately since in yeast mitochondria: i) UGA, which is a termination codon according to the standard codon assignment, codes for tryptophan (30, 21) ; ii) the codon reading pattern is unusual and iii) the AT/GC ratio outside the coding sequences is very high (32) (33) (34) .
COMPUTER RESULTS
A) Nuclear, phage and bacterial sequences
The analyzed sequences are listed in Table I . 
with q(N) being the probability of the corresponding N base. For a sequence in which the four bases occur with equal probability: q = 3/64 = 0.0469.
Then the "a priori" probability (P) of finding a termination codon at a distance equal to 0, 1, 2 K condons from the initial AUG is:
This probability distribution satisfies the normalization condition:
Thus the probability P(K) of finding an o.r.f. of K codons length is simply given by equation (2) . The expected number of o.r.f. calculated using equation (2) (i.e. by chance alone) has been plotted on the histogram (open circles). The mean coding length L as calculated using equation (2) •a n 
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Nucleotide number Sequences not completely determined are indicated by an asterix. The codon number of the o.r.f.'s which do not contain termination codons is preceded by > . The number in superscript indicates the reading frame with respect to the real gene. When a long o.r.f. is found on a complementary DNA strand of a cDNA derived sequence, if it is known that the real gene is spliced but no intron sequence is available yet, the result is temporary because the presence of extra sequences might interrupt the o.r.f., unless appropriate consensus signals are found.
which is consistent with the computer results (L = 18.4).
Since from equation (2) The total number of nucleotides per DNA strand is 27.822 whereas the codogenic part is 16.932 nucleotides. It has been assumed that all codons are used in the classical way.' Symbols: (55JJ) real genes, (•) o.r.f., (0) expected number of o.r.f. in each decade as calculated from equation (2) . Regions I and II are discussed in the text. Left and right ordinates refer to region I and II, respectively-sea urchin S. purpuratusH2B, histone genes, allows-one to distinguish between coding and complementary DNA strands.
All these "virtual genes" except one (chicken ovalbumin) are found in the same reading frame of the real genes (Table I) :-i.e. the initial AUG codon is complementary to a CAU codon in phase with the AUG of the real gene. In some cases (rabbit B-and g -, chicken g-, human e-globins and sea urchin S. purpuratus H2B histone genes) they are even longer than the corresponding real genes. For what concerns the codon usage it has to be noticed that the number of Leu and Ser residues present on the polypeptides coded by the sense DNA strand of these nine "vitual genes" is 161 and 106 respectively in agreement with the average percent composition of proteins.
These findings support the hypothesis that "virtual genes" are not the result of a random event.
B) S. cerevisiae mitoehondrial sequences
Due to the particular base composition of the mitoehondrial DNA sequences (32, 34) we have performed a separate analysis on coding DNA sequences and (A, T) reach sequences flanking the genes. Since UGA codes in the mitoehondrial system for tryptophan (22, 23) With respect to the codon usage in the mitochondrial system, it has been found that Leu and Ser are coded almost exclusively by UUA and CUA (9, 11) to which correspond on the complementary DNA strand the UAA and UGA termination codons respectively. This fact is in contrast with the situation reported previously for the nuclear sequences.
From this analysis we conclude that in S. cerevisiae mitochondria if the complementary DNA strand would be transcribed these RNA molecules could not be translated into protein.
C) Spliced genes
The results shown in Fig. 1 included a number of structural genes (see Table I ) which are known to contain introns. We have done a separate analysys of the five cases (human E-, rabbit 6-and B -, mouse 6-globin and human insulin) for which the complete chromosomal sequence is presently available.
Since the frequency of termination codons inside the intron sequence is very high all the real genes and the o.r.f. longer than 100 codons (see Fig.   3 ) disappear. The number of o.r.f. shorter than 100 codons almost doubles (Fig. 4 ) . Among them we found o.r.f. which encompass splicing points on the coding DNA strand (see Three new "virtual genes" are found on the coding DNA strand: one on the human e-globin and two on the human insulin genes. The first one includes part of the e-globin first intron, the second exon and part of the second intron. The human insulin "virtual gene" (150 codons) is completely included in the second intron, while the other "virtual gene" (190 codons) begins in the first exon and terminates in the second intron.
D) Splicing rules
The analysis of the exon-intron and intron-exon boundaries of several spliced genes has revealed that the excision-ligation events occur in all cases at unique positions with respect to the two dinucleotides GT and AG (43) . In particular, GT specifies the exon-intron boundary whereas AG speci- This analysis, applied to the human c-globin complementary DNA strand which contains the longest "virtual gene" found so far by the computer (see Table I , line 7 ) , shows the existence of several putative splicing points. DNA strand, show the correct polarity (see Fig. 5 ). This result indicates that the coding and the complementary DNA strands of the human e-globin gene cannot be distinguished on the basis of the known splicing rules.
ARE ALSO "VIRTUAL GENES" IDENTIFIED BY SIGNAL SEQUENCES?
Signal sequences involved in the initiation of transcription are presumed to be located very close to or within the 5' end of an eukaryotic gene sequence which is transcribed into mature messenger RNA molecule. In several cases, a sequence equal or similar to 5'TATAAA was found to precede the transcribed region (44) . Another sequence AAUAAA is found near the 3' end of the mRNA and is thought to signal the addition of the poly A tail (45) . Moreover, sequences complementary to the 3'GCGGAAGGA sequence at the 3' end of the 18S ribosomal RNA, ribosomal binding site sequence (leader), have been observed in eukaryotic mRNA (46, 47) .
Most of the analyzed sequences in our sample were obtained from cDNA clones. As a consequence, the proposed promoter sequence is seen only in the case of the mouse 8 and human e-globin genes, whose sequences derive from chromosomal DNA clones. We looked for the presence of these signals in the appropriate nucleotide regions flanking the "virtual genes" (Table II) . Seven out of ten of the "virtual genes" considered in our analysis contain no TATAAA sequence in the 5' flanking region. In these cases the absence of a promoter signal could be explained assuming either that the AUG, considered by the computer as the initiation codon, codes instead for an internal Met or that the known sequence upstream of the AUG is too short to include also the promoter site. The "virtual genes" found on the complementary DNA strand of the chicken ovalbumin and human e-globin genes, have a 5'TATAAA sequence 409 and 217 nucleotides before the initiation codon, respectively.
Putative leader sequences are found upstream of the initial AUG of the "virtual genes" present on the complementary DNA strand of human B-.T" However, these results are not conclusive since no termination codons are found among the codons preceding in phase the AUG found by the computer inside the known sequence. Similar considerations apply to the search for the poly A tailing site sequence (Table II) .
HUMAN B-GLOBIN VARIANTS ANALYSIS
The analysis of one particular system, i.e. the human B-globin, has sug- Table II : Signal sequences on real genes and on "virtual" genes found on complementary DNA strands. The first 9 "virtual" genes listed are found on the complementary DNA strand whereas the last one is located on the coding DNA strand (see Table I ). The sequence reported as "leader" might be involved in mRNA -18S rRNA base pairing. Dots indicate G:U base pairs (46) . The leader sequence in the case of the two histone genes, flanked by an asterix, are different (47) .
Poly A tailing site sequence: 5'AAUAAA. In the case of "virtual"genes only the putative leader sequence found upstream the initiation codon and the putative poly A tailing site sequence found downstream the termination codon are shown. (0) indicates the absence of the corresponding signal sequence, (-) indicates that the corresponding signal sequence was not found/*)indicates the leader sequence proposed for the histone genes.
quence of the mutated gene (49). These facts have allowed us to verify whether the 132 codon long "virtual gene" is also present on the complementary DNA strand of these variants.
The initiation codon of this "virtual gene" faces the His 116 residue of the 8-globin chain and it is coded by CAU. None of the variants so far analyzed affect this codon, yet at least one variant has been found for each of the other 8 His residues present in the wild type B-globin chain. Therefore, the initiation codon of the "virtual gene" is not removed by mutation affecting the B-£lobin polypeptide chain.
We have also analyzed the codon usage of all the known B-globin variants The analysis is limited to the part of the 8-globin coding sequence which is complementary to the "virtual gene". The first line shows the codons which by a single nucleotide substitution might become termination codons on the complementary DNA strand. The second line shows the number of times that these codons are used. The third line shows the correspondent amino acid substitutions on the B-globin polypeptide chain. The last line shows their occurrency: (-) indicates that the amino acid substitution is not observable since involves synonymous codons. Columns I, II, and III are discussed in the text.
side the "virtual gene". Class I consists of variants which cannot be detected since synonymous codons are involved. Class II shows that none of the variants that would have necessarily introduced a termination codon in the "virtual gene" has yet been found. Class III shows that two variants Phe -^ Leu have been found which could introduce a termination codon on the "virtual gene". However, UUC (Phe) and UUU (Phe) by single nucleotide substitution can become UUA or CUC, and UUA or UUG or CUU, respectively.
Since all these five codons specify Leu, but only to UUA corresponds a termination codon on the "virtual gene", it would be necessary to know the nucleotide sequence of the two variants to answer the question.Therefore, the existence of the 132 codon "virtual gene" is compatible with all the known B-globin variants. On the other hand, we can exclude the possibility that the three codons to which corresponds a termination codon on the complementary DNA strand (CUA and UUA that code for Leu and UCA for Ser) are not translatable in reticulocyte cell. In fact, 59 sense codons are used to translate human a and 3-globin genes. A) coding DNA strand, symbols are: (*«•): intron sequences; P: proposed promoter sequence; L: leader sequence; i; initial AUG codon; Pi 2 : splicing point of the proximal site of the introns; Di,2 : splicing point of the distal site of the introns; T3: termination codon UGA; S: proposed poly A tailing site sequence. B) complementary DNA strand, symbols are: ( ) : putative intron sequences of the "virtual gene"; VP: putative introns; VD^ 2' splicing points for the distal site of the putative introns; VT1: termination codon UAA; VS: putative poly A tailing site.
The translated part of the human e-globin gene (438 nucleotides) and the translatable sequence of the "virtual gene" (738 nucleotides) are indicated by a continuous line ( ) flanked by dotted lines ( ---) .
base changes that abolish the possibility to code for a functional globin molecule. We have found (data not shown) that an o.r.f. 141 codon long is present on the complementary DNA strand of the ¥82 rabbit globin pseudogene. We think that our findings should be taken into account in the evaluation of the evolutionary processes of globin gene clusters.
CONCLUSIONS
The results of this investigation allow us to conclude that some of the longest "virtual genes" might indeed be transcribed and/or translated. Alternatively (52) something is either preventing their expression or missing in the definition of a gene as it can be deduced today on the basis of DNA sequences. In both cases, the study of the "virtual genes" will contribute to improve our knowledge on gene evolution and structure.
